The effect of water removal and freeze/thaw cycles on proton exchange membrane ͑PEM͒ fuel cells was investigated by comparative study of 20 on/off and freeze/thaw cycles after purging by reactant gas with relative humidity 58.0% at 25°C. Within 20 cycles, the cell performance, electrochemical active surface areas, and electrochemical impedance spectra responses were analyzed by the mean squared deviation method. No performance decay caused by water freezing was observed, and the water amount in the cell was reduced to an extent by which freeze degradation was avoided. From the mid 1980s, much attention has been focused on the research and development of proton exchange membrane ͑PEM͒ fuel cells for the terrestrial and space applications. Due to their merits such as high energy efficiency, high specific power, low operation temperature, and pollution-free quality, the PEM fuel cell is one of the most promising replacements for the traditional internal combustion engine. Now, the problem of PEM fuel cell storage and freeze start-up at subzero temperature has attracted increasing attention.
From the mid 1980s, much attention has been focused on the research and development of proton exchange membrane ͑PEM͒ fuel cells for the terrestrial and space applications. Due to their merits such as high energy efficiency, high specific power, low operation temperature, and pollution-free quality, the PEM fuel cell is one of the most promising replacements for the traditional internal combustion engine. Now, the problem of PEM fuel cell storage and freeze start-up at subzero temperature has attracted increasing attention. [1] [2] [3] [4] [5] [6] [7] [8] The U.S. Department of Energy ͑DOE͒ and NREL established a challenging technical target: rapid start-up of PEM fuel cell to 90% rated power from −20°C for 30 s to 2010. 9 Since water is generated at the cathode side due to the oxygen reduction reaction and supplied by humidified gas fed in the cell for both cathode and anode, it freezes once the cell shuts down and is kept at subzero temperature. When the cell temperature rises above the water freezing point after the cell starts up, the ice thaws. The volume change caused by water and ice phase transition destructs the fuel cell materials and components, since the densities of water and ice are 0.9998 and 0.9168 g/cm 3 at 0°C, respectively. The effect of freeze/ thaw on PEM fuel cell performance has been studied. To simulate the situation of vehicle application, Cho and co-workers 1 operated a PEM fuel cell at an operating temperature of 80°C, stopped, cooled, and kept it at −10°C for 1 h, and heated it to 80°C again for the next operation. They reported that performance of the PEM fuel cell degraded with a rate of 2.8% at 0.6 V after four freeze/thaw cycles due to deformation of the catalytic layers accompanied by a decrease in electrochemical active surface area and an increase in interfacial charge-transfer resistance and contact resistance between the membrane, electrodes, and separators. To prevent the damage on PEM fuel cell materials and performance degradation, water removal methods, i.e., dry N 2 gas purging, was applied. By dry N 2 gas purging the cell to below 3% relative humidity ͑RH͒, the performance degradation rate was significantly reduced to 0.06% per thermal cycle. 2 Since pore size in the catalyst layer and diffusion layer ranges from nanometer to micrometer, water in these pores of the size range should have different freeze behavior. 10, 11 It is possible to reduce the amount of water in the cell to an extent that the water freezing effect on the cell materials and performance is negligible. In addition, to eliminate the degradation caused by water freezing, using dry gas and purging the cell as dry as possible are reasonable, but the membrane dehydration during the purging progress is definitely ineluctable, which may be a sincere impediment for successful start-up, especially for freeze start-up the next time.
In this study, we used reactant gas with a 58.0% RH at 25°C to purge the cell to 16.6% RH at 50°C immediately after the cell operation. After the inlets and outlets of the cell were all sealed, the cell was frozen at −20°C for 1.5 h in a climate chamber. We applied 20 freeze/thaw cycles to investigate the effect of water freezing on the cell performance. Moreover, with the same type of membrane electrode assembly ͑MEA͒, another cell following the same conditions but without freezing was tested through 20 normal on/off cycles. By comparative study, the evidence of the water freezing on the cell performance can be manifested.
Experimental
MEA fabrication and performance measurements.-The 20 wt % carbon-supported platinum ͑Pt/C͒ catalyst, Toray carbon paper, poly͑tetrafluoroethylene͒ ͑PTFE͒ suspension, and a Nafion solution were used for electrode preparation. The Pt loading of the catalyst layer impregnated with Nafion solution is 0.8 mg cm −2 . Details have been described. 12 The N212 membrane was sandwiched by the two electrodes with a 4 cm 2 effective area. Then the MEA was assembled in a cell with two graphite bipolar plates and two organic glass end plates. One side of the graphite polar plate was machined with parallel flow channels, and the other side of the graphite polar plate was also machined with channels for the coolant.
The cell was operated under 0.20 MPa, 60°C, while the humidification temperatures were set at 5 and 10°C above the cell temperature for the O 2 and H 2 gas. The heating tape temperatures were 7°C higher than the humidification temperatures to avoid water condensation. For the cathode and anode, gas flows of 3.5 and 7 mL min −1 A −1 , which were the consumed reactant gases, were fed in depending on the current. Moreover, the cathode and anode outlet gas flows were controlled at a constant flow rate of 100 and 40 mL min −1 . Therefore, the inlet gas flows were the sum of the outlet flows and the flows depending on the current. To get stable cell performance, the cell was first operated at 0.25 A cm −2 for 0.5 h, followed by conditioning at 0.5 A cm −2 for 0.5 h, at 1 A cm −2 for another 0.5 h, and operating at 0.5 A cm −2 until the cell voltage did not increase. Then the polarization curve was recorded. In order to have reproducible results, polarization curves were measured after the cell ran at 0.5 A cm −2 for 0.5 h. Cell internal resistance, referred to as high-frequency resistance ͑HFR͒, was measured by the impedance meter ͑KFM2030, Kikusui, Japan͒ superimposing a 10 kHz sine signal with amplitude of 165 mA ͑peak to peak͒ through the cell in galvanostatic mode.
The two cells, MEA1 and MEA2, were used in our experiments. MEA1 and MEA2 were all purged to RH 16.6% at 50°C by reactant gas with RH 58.0% at 25°C. The whole purging process lasted for 5 min. Before the polarization test, the two cells were all stabilized at 0.5 A cm −2 for 0.5 h. MEA1 was not frozen and MEA2 was kept in the climate chamber until its temperature reached −20°C, and then frozen at −20°C for 1.5 h. For measuring the cell temperature, a pore for the thermal couple on the side of the graphite polar plate was drilled deeply enough to measure the temperature of the inner part, which is close to the MEA. The cell temperature and climate chamber temperature during the cooling process were recorded as shown in Fig. 1 .
Electrochemical measurements.-A TDI3691 potentiostat ͑Tian-Jing ZhongHuan, China͒ was used to measure the electrochemical active surface area ͑ECA͒ of the cathode electrode by cyclic voltammetry ͑CV͒. The humidified hydrogen and ultrahigh-purity nitrogen gas was fed at the anode and the cathode, with flow rates of 40 and 100 mL min −1 , respectively. For the CV, three cycles were performed with a sweep rate of 50 mV s −1 , and cell potential was scanned from −0.05 to 1.0 V. In situ electrochemical impedance spectra were measured by a KFM2030 impedance meter. The perturbation amplitude for the sine signal was 165 mA ͑peak to peak͒ over a frequency range of 10 kHz to 0.1 Hz. The two cells were all stabilized at 0.5 and 1 A cm −2 , respectively, for 3 min before the perturbation was added through the cells.
Results and Discussion
Polarization curves and the internal cell resistances of MEA1 and MEA2 are shown in Fig. 2 . The "0" represents the initial performance. As expected, the performance of MEA1 without freezing is identical within 20 normal on/off cycles. After the freeze/thaw cycles, the i-V plots of MEA2 also show no change, indicating that no performance loss was observed in the entire current density range up to 1.5 A cm −2 . The cell resistance is also shown in the respective figure. The resistance increases with current density, but not significantly. This phenomenon is due to the membrane at the anode side dehydration at high current density though a thin membrane, Nafion 212, was applied. For a Nafion 117 membrane, a 150% current density increase would result in a 144% decrease in maximum water content of the membrane at the anode side. 13 For MEA1, from 0 to 1.5 A cm −2 , the resistance increases from 91.40 to 100.68 m⍀ cm 2 , with an increase of 10.15%. After 20 on/off cycles, the resistance measured is from 90.84 to 100.92 m⍀ cm 2 , with an increase of 11.10%. For MEA2, the resistance increase is initially 12.16 and 11.30% after 20 freeze/ thaw cycles. Consequently, the properties of the frozen membrane governing the back diffusion of water, such as hydraulic permeability and water diffusivity, do not change significantly.
The IR-corrected initial performance of MEA1 and MEA2 is compared in Fig. 3 . At any current density less than 1 A cm −2 , the voltage difference between MEA1 and MEA2 is less than 10 mV. The deviation starts from 1 A cm −2 , with 30.16 mV difference at 1.5 A cm −2 . The reason is most likely that the electrode flooding of MEA2 is slightly more obvious than that of MEA1 at the highcurrent-density region. It might be due to the elastic modulus difference of the O-ring seals, although the tightening assembly force is the same for the two cells. This can be proved from the lower cell resistance for MEA2. However, the performance shown in Fig. 3 is comparable between MEA1 and MEA2. Figure 4 shows the effect of the cycles on the performance and cell resistances of MEA1 and MEA2. The open-circuit voltages ͑OCVs͒ of the two cells do not change after 20 cycles. The OCVs of MEA1 are almost 1.017 V over 20 on/off cycles, while the OCV of MEA2 in each freeze/thaw cycle shows the constant value of about 1.015 V. The degradation rate caused by freezing can be calculated by the method that the final performance minus the original one is divided by the total cycles.
14 Also, it can be defined as the ratio of change in performance to that measured before the thermal cycles and divided by the thermal cycles.
2 If the performance after the 20th cycle is considerably high due to the performance fluctuation, the degradation will be masked by the two methods. Thus, analysis of variance is applied in our comparative study to investigate the effect of water freezing and ice melting on cell performance. The examined samples such as the voltages at 0.5 A cm −2 and the cell resistances can be seen as a group of discrete random variables. The mean squared deviation ͑MSD͒ of the group of variables can be denoted as ͑X͒. For the voltages and cell resistances in Fig. 4, p k , the sample size, is equal to the reciprocal of the cycles, 1/21, and the mathematical expectation of the variables, E͑X͒, is the average value of the voltages or cell resistances. The E͑X͒ and ͑X͒ of the samples such as the voltages at 0.5 A cm −2 and the cell resistances at 1 A cm −2 in Fig. 4 are calculated in Table I . The MSDs of the samples such as the voltages at 0.5 A cm −2 are all comparative for MEA1 and MEA2. It implies that by reactant gas with RH 58.0% purging, the performance does not degrade after the cell freezing at −20°C.
The ECAs of MEA1 and MEA2 are shown in Fig. 5 . The ECA can be calculated with the method mentioned in Ref. 15 , with the supposition that the charge area of the H desorption on the smooth Pt is 210 C/cm 2 , and the charge area under the H desorption peak. By the variance analysis, the MSD of MEA1 is 2.23 m 2 g −1 , while the MSD of MEA2 is 2.05 m 2 g −1 . These results indicate that after the RH gas purging the amount of water in the catalyst layers has been reduced to an extent ͑RH 16.8% at 50°C͒ that the destruction caused by ice formation was avoided.
Figures 6 and 7 show the effect of the cycles on the EIS responses of MEA1 and MEA2, at 0.5 and 1 A cm −2 , respectively. The highest frequency intercept denotes the cell resistance ͑R 1 ͒. The higher frequency arc reflects the combination of a charge-transfer resistance ͑R ct ͒ and a double-layer capacitance ͑C dl ͒ within the catalyst layer. The lower frequency arc reflects the mass-transport process. 16 Also, the average values and MSDs of the R 1 and R ct in Fig. 6 and 7 are calculated in Table II . The average values of R 1 for MEA1 are more than that for MEA2 at the two current densities. It shows that the cell resistance of MEA1 is more than that of MEA2, most likely due to the different elastic modulus of the O-ring seal. The average value of R ct is approximately the same for MEA1 and MEA2 at 0.5 A cm −2 , while it is smaller for MEA1 than MEA2 at 1 A cm −2 . As Fig. 2 shows, at the high-current-density region, the MEA2 electrode flooding is slightly more obvious. Therefore, it increases the mass-transport resistance. Consequently, the R ct at 1 A cm −2 is indirectly influenced and becomes a little higher for MEA2. From the values of the MSDs, the fluctuation amplitudes of the R 1 and R ct for MEA1 and MEA2 are the same, and the largest deviation among them is about 1 m⍀ cm 2 . This indicates that by freezing at −20°C after purging by the reactant gas with RH 58%, the cell EIS fluctuation appears the same as the cell without experiencing the freeze/thaw cycles. It further proves that the frozen cell does not degrade.
Conclusions
The effect of water removal and freeze/thaw cycles on PEM fuel cells was investigated by comparative study of 20 on/off and freeze/ thaw cycles after purging by reactant gas with RH 58.0% at 25°C. The cell performance, ECA, and EIS response in the 20 cycles were analyzed by the MSD method. No performance decay caused by water freezing was observed, and the water amount in the cell was reduced to an extent that freeze degradation was avoided.
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